Background and Purpose: Hemodilution is known to increase cerebral blood flow, but it is not known whether the increase in flow is a direct result of a decrease in viscosity or whether it may be due to compensatory vasodilatation in response to the decrease in oxygen carrying capacity that results from hemodilution. This study is designed to investigate this question.
I
t is well known that hemodilution increases cerebral blood flow (CBF) in both normal and ischemic brain 1 -3 ; however, the mechanism responsible for the increase in CBF continues to be a source of controversy. Hemodilution may increase CBF either directly by a hemorheologic effect related to decreased viscosity or indirectly by reducing the oxygen (O 2 ) carrying capacity, which in turn results in compensatory vasodilatation. 1 ' 45 It has been suggested that in normal brain arterial O 2 content (CaO 2 ) is a major determinant of CBF and that CBF changes to keep O 2 transport to the tissues constant. 46 " 8 However, in ischemic brain the close local coupling of CBF to tissue demands of O 2 is disrupted and there is maximal vasodilatation. Therefore, hemodilution could not increase CBF in the ischemic area by a simple compensatory vasodilatation because vasodilatation would already be maximal. If, on the other hand, whole blood viscosity could independently result in changes in CBF once autoregulating capacity is lost, then a reduction in viscosity by hemodilution could improve regional cerebral blood flow (rCBF) in ischemic brain, where hypoxemia alone would have no effect.
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We measured the rCBF response to graded hypoxia or graded hemodilution in normal and ischemic brain to elucidate the role of CaO 2 in the changes in CBF produced by hemodilution.
Materials and Methods
We used 15 rabbits for the nonischemic experiments in normal brain. These animals were equally divided into three subgroups of five each: control, hemodilution, and hypoxic hypoxia. In the control subgroup rCBF, mean arterial blood pressure (MABP), arterial blood gases, hemoglobin (Hb) concentration, and hemoglobin O 2 saturation (%O 2 Hb) were measured every hour for 10 hours to investigate the stability of these parameters. CaO 2 was calculated as Hb O 2 content-)-plasma O 2 content, where Hb O 2 content=1.34xHb concentration (in grams per deciliter) x%O 2 Hb and plasma O 2 content=0.003xPao 2 (in millimeters of mercury).
In the hemodilution subgroup, graded isovolemic hemodilution was undertaken by an infusion of homologous plasma and simultaneous withdrawal of an equivalent volume of blood to decrease CaO 2 by 10-15% in steps until it reached 30% of the baseline value. As a result, there were five stages in which CaO 2 was approximately 85%, 70%, 55%, 40%, and 30% of the baseline value. The rCBF, MABP, arterial blood gases, Hb concentration, and %O 2 Hb were measured 15 minutes after each stage of hemodilution.
In the hypoxic hypoxia subgroup, CaO 2 was decreased serially to similar degrees as in the hemodilution subgroup by reducing the inhaled O 2 concentration and increasing the inhaled nitrogen concentration in progressively larger steps. At severe hypoxia a fall in Paco 2 was avoided by adding CO 2 to the inspired gas mixture or by adjusting ventilation rate and/or volume. The rCBF, MABP, arterial blood gases, Hb concentration, and %O 2 Hb were measured 5 minutes after the induction of hypoxia in each CaO 2 stage. To maintain a constant cardiovascular function, after each rCBF measurement the inhaled O 2 concentration was returned to the baseline level for 30 minutes.
We used 18 rabbits in the ischemic experiments; the animals were divided into three subgroups: control (n=6), hemodilution (n = 7), and hypoxic hypoxia («=5). In the control subgroup, after the second measurement of baseline rCBF the right middle cerebral artery (MCA) was occluded by an embolic technique to be described. The above-mentioned parameters were measured every hour for 8 hours after MCA occlusion. In the hemodilution and hypoxic hypoxia subgroups, stages of graded reduction in CaO 2 were achieved in the same fashion as in the nonischemic experiments after the second baseline measurement and MCA occlusion. All the physiological parameters were also measured in the same manner as in the nonischemic experiments.
Anesthesia was induced with 15 mg/kg thiamytal sodium and was maintained with 2% halothane in 70% N 2 O/30% O 2 during the surgical procedure. A tracheostomy was performed, the rabbit was immobilized with 0.3 mg/kg pancuronium bromide, and mechanical ventilation with a Harvard respirator (South Natick, Mass.) was used to maintain Paco 2 within the physiological range. A constant rectal temperature of 38-39°C was maintained with heating pads. A femoral artery was cannulated with a 16-gauge catheter for monitoring of arterial blood gases and Hb concentration, recording of blood pressure, and withdrawal of blood for hemodilution. A femoral vein was also cannulated with a 16-gauge catheter for infusion of blood for hemodilution.
In the ischemic experiments the right common carotid artery was exposed through a midline cervical incision and a catheter was introduced into it and advanced into the internal carotid artery (ICA). The skin was closed and the rabbit was then placed in a head holder that was made of Styloform. Lidocaine was used to ensure a pain-free condition. Thereafter, halothane was discontinued and mechanical ventilation was continued with 70% N 2 O/30% O 2 . We believed that to obtain stable CBF values we had to discontinue halothane because this agent is known to increase CBF initially, with the effect tapering off in an unpredictable manner over time. To avoid painful stimulation of the rabbit, no further surgical manipulations were done after halothane was discontinued.
A silicone embolus, 0.4 mm in diameter and 6 mm long, was injected with 0.5 ml of 0.9% saline through the catheter placed in the ICA. At the end of the experiment, brains of the ischemic control subgroup were cut coronally at the level of the coronal suture and were stained with 2% 2,3,5 -triphenyl-2//-tetrazolium chloride (TTC) for 30 minutes at 37°C.
Electrodes for rCBF measurement were placed the day before the experiment under halothane anesthesia. The electrodes were made of 90% platinum and 10% iridium, 150 ym in diameter, and were coated with Teflon except for 1 mm of the bare tip, which was sharpened electrochemically. Electrodes were placed into the cortex through bilateral burr holes 6 mm lateral to the midline at the level of the coronal suture. Burr holes were sealed with agar-agar in 0.9% saline, and the electrodes were fixed to the skull with dental cement. The Ag-AgCl reference electrode was placed subcutaneously in the neck. The platinum electrode on the right side measured rCBF in the presumed area of ischemic penumbra in the ischemic experiments.
The hydrogen clearance technique was used to measure rCBF. 9 The electrodes were polarized at 0.36 V and H 2 was added to the inspired gas mixture to get an approximately 5% H 2 concentration. After 5 minutes of inhalation, H 2 was discontinued and the hydrogen washout curves were recorded. The rCBF at each electrode was calculated from the 2-minute hydrogen clearance curves using the initial slope method. 10 Where applicable, subgroup means were compared and contrasted by analysis of variance and the unpaired t test. The changes in physiological parameters within subgroups were analyzed by the paired / test. Curves were fit by the least-squares method; goodness of fit was judged on the basis of the correlation coefficient and the significance of regression tested by analysis of variance. Slopes and intercepts were compared using a largesample z test for parallelism and common intercept. A probability of less than 0.05 was considered significant.
Results
While mechanically ventilated on 70% N 2 O/30% O 2 there were no differences in Pao 2 , Hb concentration, CaO 2 , Paco 2 , and MABP among the nonischemic subgroups (Table 1) . Mean±SEM baseline rCBF of the control subgroup (35.0±2.4 ml/100 g/min) was not different from that of the hemodilution or hypoxic hypoxia subgroups (38.4±3.2 and 34.5±2.4 ml/100 g/min, respectively). In the control rabbits, all parameters remained at constant values for 10 hours (Figure 1) . In both the hemodilution and hypoxic hypoxia subgroups, CaO 2 decreased without significant changes in Paco 2 or MABP (Table 1) . When rCBF was plotted as a function of CaO 2 ( Figure 2 ) there was a clear relation between rCBF expressed as percent of the baseline value and CaO 2 in both the hemodilution and hypoxic hypoxia subgroups. At a CaO 2 of 4-6 ml/dl, rCBF increased to 198% of the baseline value in the hemodilution subgroup and to 209% of baseline in the hypoxic hypoxia subgroup. Comparison of the regression lines for the hemodilution and hypoxic hypoxia subgroups showed no difference between the slopes or intercepts (hemodilution versus hypoxic: slope, -7.4 versus -7.2 and intercept, 212.7 versus 214.7).
In the ischemic group, postmortem examination revealed misplacement of the silicone embolus into the ICA in one control and two hemodilution rabbits. These rabbits were excluded from the study, and the data from the remaining 15 rabbits (five in each subgroup) were analyzed.
There were no differences in baseline values of all the above-mentioned parameters, including rCBF, among the ischemic subgroups (Table 2 ). In the control subgroup rCBF on the ischemic side decreased significantly from 37.2±4.8 to 14.4±6.4 ml/100 g/min after MCA occlusion, and the values remained stable thereafter for 8 hours (Figure 3 constant throughout the experiment (Figure 3) . TTC staining showed an area of presumed infarction in the caudate nucleus, the putamen, and a small area of the cerebral cortex in the frontoparietal region laterally. In two of the five control rabbits, the platinum electrodes in the ischemic side were located outside but very close to the infarcted area; in the rest, the electrodes were located at the edge of the infarct.
After embolization, rCBF decreased significantly from 35.2±4.0 to 20.1 ±7.2 ml/100 g/min in the hemodilution subgroup and from 36.3±5.8 to 19.2±6.4 ml/100 g/min in the hypoxic hypoxia subgroup. In the hemodi- lution subgroup, rCBF related inversely to CaO 2 in both ischemic and nonischemic areas, although the increase in rCBF was less in the ischemic area ( Figure 4) . Slopes of the regression lines were -6.4 and -3.0 and intercepts were 205.7 and 150.4 in the nonischemic and ischemic areas, respectively. At a CaO 2 of 4-6 ml/dl, rCBF increased to 137% of the baseline value in the ischemic area and to 173% in the nonischemic area. In the hypoxic hypoxia subgroup, rCBF in the nonischemic area also showed an inverse correlation to CaO 2 and increased to 180% of the baseline value at a CaO 2 of 4-6 ml/dl (Figure 4 ). On the other hand, rCBF in the ischemic region showed no increase or a slight decrease, especially at low CaO 2 ( Figure 4 ). Slope and intercept of the regression line in the nonischemic area were -7.1 and 211.7 while values in the ischemic area were 2.0 and 72.2, respectively. The regression line for the ischemic side in the hemodilution subgroup was significantly different from that for the ischemic side in the hypoxic hypoxia subgroup (/?<0.01 for both slope and intercept). In other words, rCBF in the ischemic region responded very differently to hypoxic hypoxia than to hemodilution, with no change or a slight decrease during hypoxic hypoxia and a substantial increase during hemodilution effected to result in comparable degrees of hypoxia.
Discussion
It is well known that when the hematocrit (Hct) is reduced by hemodilution, CBF increases in both normal and ischemic brain. 1 However, there is no agreement on the mechanism whereby hemodilution increases CBF. It has been suggested that the reduction in CaO 2 that results from hemodilution produces vascular dilatation and increases CBF as the result of an autoregulatory mechanism designed to maintain constant O 2 delivery to the tissues. 4 ' 6 -8 However, using a closed cranial window technique, Hudak et al 11 demonstrated a constriction of pial arterioles during hemodilution. The authors also showed an increase in blood flow of the underlying cortex and suggested that the increase in CBF is secondary to a viscosity-mediated effect on vascular resistance. It should be noted, however, that there have been some reports concerning a dissociation between the reactivity of pial vessels and the response of CBF to various physiological and pathological stimuli such as sympathetic nerve stimulation, hypoxia, and ischemia. 1213 This dissociation could be based on the local difference of metabolic activity or acid-base relations, which could affect regional vascular activity.
Because hemodilution decreases both CaO 2 and blood viscosity, it has been impossible to identify an independent effect of blood viscosity on CBF after hemodilution. Several previous studies have tried to separate these two factors by means of plasma exchange using low-viscosity plasma substrates, 6 carbon monoxide hypoxia, 47 or blood exchange with methemoglobin-containing erythrocytes. 814 These studies came to the same conclusion, that the fall of CaO 2 , not blood viscosity, was the primary mediator of the increase in CBF with hemodilution. However, it should be noted that these studies were carried out in normal, rather than ischemic, tissue.
In the present study, hypoxia was induced by either hemodilution or reduction of the inspired O 2 concentration. CaO 2 depends mainly on the volume of oxygen bound to Hb, together with a very small amount of oxygen dissolved in the plasma. Because the volume of oxygen bound to Hb is determined by the Hb concentration and %O 2 Hb, the major factors responsible for changes in CaO 2 are the Hb concentration and %O 2 Hb. Hemodilution decreases CaO 2 by decreasing the Hb concentration, which also results in a decrease in blood viscosity. On the other hand, hypoxic hypoxia reduces CaO 2 by lowering %O 2 Hb, but because the Hb concentration does not change, viscosity remains constant. The present study demonstrated that the CBF response to CaO 2 was exactly the same between the subgroup with anemic hypoxia (hemodilution) and the subgroup with hypoxic hypoxia and that both types of hypoxia caused a linear increase in rCBF throughout the CaO 2 range studied. Jones et al is observed a similar CBF response in newborn lambs in which CaO 2 was varied by changing the inspired O 2 concentration at a high or low Hct in the same lamb. The authors concluded that a tight coupling between CBF and CaO 2 maintained cerebral O 2 transport relatively constant.
It is important to emphasize again that all the results described above apply to normal cerebral tissue with presumably intact autoregulation. Gaehtgens et al 16 reported a physiological hemodilution that causes a progressive decline of Hct as blood reaches the smaller vessels and finally results in a capillary Hct value of one third that in the large arteries. Based on this phenom- enon, Wood et al 17 suggested that under normal conditions the Hct effect on viscosity in the microcirculation is almost negligible. In ischemic tissue, however, local coupling of CBF to tissue demands of O 2 has been disrupted and resistance vessels are already maximally dilated due to a deficiency of O 2 delivery. 1618 -20 CBF may then passively follow changes in perfusion pressure, which is very low in regions of ischemia. Under such circumstances physiological hemodilution, which is dependent on vasoconstriction, is no longer possible and Hct in the microcirculation increases abruptly to the level in large vessels, with a resulting dramatic increase in blood viscosity. This will tend to slow blood flow even further and to enhance the formation of microaggregates and thrombi in the ischemic region. 21 lution on CBF in ischemic brain in both experimental and clinical settings. 12 -1724 Our results in the ischemic experiments confirm this hypothesis and demonstrate a significant increase in CBF in ischemic brain by graded hemodilution. In contrast, graded hypoxic hypoxia failed to increase CBF in the ischemic area. Except for viscosity, other physiological parameters (including Paco 2 ) were not significantly different between the subgroups. Therefore one may conclude that, in contrast with the changes in CBF observed in normal brain, the changes in CBF in ischemic brain are mainly a rheological response to the alterations in blood viscosity, rather than a physiological response to a decrease in CaO 2 .
Even though in this study hemodilution resulted in a significant increase in CBF in the ischemic region, it is not clear whether the increase in CBF overrides the decrease in CaO 2 and results in a net increase in O 2 delivery to ischemic brain. One way to investigate tissue O 2 delivery is to calculate O 2 delivery using rCBF and regional CaO 2 . Our electrodes, with a spatial resolution of about 0.5 mm, can detect only the average rCBF of the several arterioles and capillaries within that volume of tissue. In addition, to calculate regional CaO 2 it is essential to use Hct in the microcirculation of the region of interest, instead of Hct in large systemic vessels. Such measurement, however, is hardly possible. A more direct way to study tissue O 2 delivery is to measure tissue O 2 tension directly with microelectrodes small enough to detect the O 2 tension between capillaries. Using multiple electrodes that allowed the construction of a histogram of tissue oxygenation to assess the average supply of O 2 to cerebral tissue, Chan et al 25 investigated the effect of isovolemic hemodilution on local tissue O 2 tension and the power of the electrocorticogram (ECoG) in normal and ischemic brain. As expected, after MCA occlusion local tissue O 2 tension and ECoG markedly decreased. Subsequent isovolemic hemodilution did not cause any change of tissue O 2 tension or ECoG in normal or ischemic brain until Hct reached <20%. Unfortunately, this report did not elaborate on the severity of ischemia or on the relation between the ischemic lesion and the position of the electrodes. Therefore, it is not clear whether tissue O 2 tension and ECoG were measured in the ischemic core or in the periphery of the ischemic region.
In summary, the present study has shown that in normal brain CaO 2 is a major determinant of CBF. In ischemic brain, however, local coupling of CBF to tissue demands for O 2 is disrupted and blood viscosity becomes a major factor determining CBF.
